Arabidopsis thaliana is the most widely studied model plant. Functional genomics is intensively underway in many laboratories worldwide. Beyond the basic annotation of the primary sequence data, the annotated genetic elements of Arabidopsis must be linked to diverse biological data and higher order information such as metabolic or regulatory pathways. The MIPS Arabidopsis thaliana database MAtDB aims to provide a comprehensive resource for Arabidopsis as a genome model that serves as a primary reference for research in plants and is suitable for transfer of knowledge to other plants, especially crops. The genome sequence as a common backbone serves as a scaffold for the integration of data, while, in a complementary effort, these data are enhanced through the application of state-ofthe-art bioinformatics tools. This information is visualized on a genome-wide and a gene-by-gene basis with access both for web users and applications. This report updates the information given in a previous report and provides an outlook on further developments. The MAtDB web interface can be accessed at http://mips.gsf.de/proj/thal/db.
INTRODUCTION
Since the publication of its sequence (1), the Arabidopsis genome has established itself as a model data set not only for plant biologists. Its availability has sparked numerous functional genomics projects, and genome-scale data are being generated by high-throughput approaches. On one hand, these data need to be evaluated in the genome context, e.g. by mapping large-scale expression data onto metabolic pathways or functional categories. On the other hand, the experimental output will again be the basis for further analyses, e.g. detection of regulatory elements in the promoters of coexpressed genes. Genome databases are therefore faced by the necessity of integrating this kind of experimental data. How can they form a resource for analysis and the transfer of knowledge? Our approach is to apply state-of-the art bioinformatics methods on a whole-genome scale. The results are integrated into the database and correlated with experimental data, where necessary by manual curation. This allows them to again be utilized as a data resource for computations. This process can be iterated to continuously enhance the information content of the data set.
The following requirements have to be met: (i) update of information, (ii) design and implementation of¯exible data models that can evolve with new data, (iii) integration of heterogeneous data, e.g. through the use of standard ontologies, (iv) comprehensive views and visualization of complex information for interactive access, (v) simple interfaces for direct access through applications to render data computable and to allow for transfer across species (2) . While automation is the only way to achieve a high data throughput, manual curation is necessary to ensure quality (3) . Intuitive tools to explore and evaluate the information enable users to inspect the data on which annotations are based and thus assess the con®dence of the assignments.
Here we report our efforts to meet these challenges within the MIPS Arabidopsis thaliana database [MAtDB, http:// mips.gsf.de/proj/thal/db (4)].
DATA INTEGRATION AND UPDATE
All data from the Arabidopsis Genome Initiative (AGI) have been integrated into MAtDB (serving as primary data repository for sequences and annotation produced by the European effort within the AGI) (1) . In addition to the nuclear genome, the mitochondrial and chloroplast genome sequences were integrated.
A major advance has been the integration of full-length cDNA data produced by various projects (5) . In the original data set published by the AGI in 2000, only 9% of all genes had been characterized experimentally. The remaining gene models were based on intrinsic information only, similarity to known proteins or partial coverage by EST sequences (1 (7) . Additionally, the full-length cDNA data allows us to assess features like alternative splicing, UTRs, transcription start sites and micro-exons (6). Within MAtDB, new cDNA data is automatically gathered from the EMBL nucleotide database using a BioRSÔ keyword query (BioRSÔ, a biological retrieval system, is a software product of Biomax Informatics AG, http://www. biomax.de). The retrieved sequences are aligned against the Arabidopsis genome using SplicePredictor (8) . However, as a signi®cant portion of full-length cDNA sequences represent splicing anomalies or artifacts, only alignments consistent with annotated gene models are integrated automatically. Remaining discrepancies are checked manually and commented whenever appropriate. A graphical view of the cDNA alignments allows MAtDB users to check these and form their own conclusions. In a few cases, single nucleotide mismatches or indels between cDNAs and genomic sequences lead to incompatible gene models. If the open reading frame suggested by the cDNA is interrupted by a stop or frameshift in the corresponding genomic sequence, sequencing errors in the genomic sequence are probable.
EST sequences, though partial, can in many cases be used in a similar way once they have been assembled to tentative consensus clusters (9) . This is performed by the Sputnik system (10) and integrated with MAtDB. Over 60% of Arabidopsis protein-coding genes are matched by at least one EST.
Beside the protein-coding genes, non-coding RNA (ncRNA) genes are receiving increasing interest (11) . Known RNA genes as well as predicted tRNA genes are included in MAtDB from the start. Recently, in an effort to identify new candidate ncRNA genes, 509 EST sequences not mapping to any annotated gene were analysed with the INFERNAL package (12) . In all, 302 matched at least one of the models derived from the Rfam database (12) and could thus be classi®ed, e.g. as nucleolar RNAs (snoRNAs).
Flanking sequence tags (FSTs) derived from insertion mutagenesis experiments are being produced in high numbers (13) . Currently, the data generated by the GABI-Kat (http:// www.mpiz-koeln.mpg.de/~GABI-Kat/GABI-Kat_homepage. html) and SIGNAL (http://signal.salk.edu) projects are gathered automatically by a BioRS query from the EMBL nucleotide database and mapped onto the genomic sequence. A graphical display shows the location of the matches with respect to the structure of the closest gene. Over 90 000 FST sequences have been unambiguously anchored to the Arabidopsis genome. This procedure results in over 50% of protein-coding genes having a FST match within the coding region, and 90% within a 2 kb region surrounding the gene (see Fig. 1 ).
Expert knowledge, e.g. on speci®c protein families, must ®nd its way into the genome databases. For this purpose, MAtDB contains an external annotation section. Data are stored in XML format, allowing rapid integration of any tabular data. A generic display based on XML stylesheet transformations allows sorting and subselection of the tables by web users. More than 20 data sets representing diverse protein families have been contributed so far (http://mips. gsf.de/cgi±bin/proj/thal/framesetter?about&externalanno.html). In addition, a comment form allows web users to add their knowledge to any gene. Submitted comments are displayed directly in the gene reports including author information, whereas corrections to gene predictions are curated at MIPS to ensure a high quality standard for gene models.
Cross-referencing of gene reports in MAtDB to other databases, e.g. TIGR (http://www.tigr.org) and TAIR [http:// www.arabidopsis.org (14) ], is based on AGI locus codes. These provide unambiguous identi®ers for all Arabidopsis protein-coding, RNA and pseudogene genetic elements and are consistent across databases. They have the format At1g00010, where At stands for Arabidopsis thaliana, followed by the chromosome number, followed by g for gene', followed by a ®ve-digit number with which all loci on a chromosome are numbered, starting at the top. Generally, AGI locus codes are incremented by 10 for the next locus, in order to leave room for as yet undiscovered genes. MAtDB maintains a list of current and obsolete locus codes (http:// mips.gsf.de/cgi-bin/proj/thal/display_codes.pl), while TAIR has taken over the responsibility of code administration and maintains a code history (http://www.arabidopsis.org/tools/ bulk/locushistory/index.html).
It is worthwhile to mention that these codes are carefully maintained to be consistent even while reannotation efforts are ongoing at several sites (15) . However, a frequent misunderstanding is that these codes will reference the same protein in all databases, in particular the nucleic acid sequence archives. The locus code always references a de®ned genome location, and not a speci®c protein transcribed from that location. There may be several gene models for a single AGI locus code, in the case of alternative transcription or splicing even within one database.
WEB ACCESS
The MAtDB web interface allows access of the data through graphical or list browsing, searching by keywords, names or sequences, and through precompiled tables that summarize general, functional, structural or comparative features (4 (17) .
To be more¯exible with respect to extensions of the data model, a new graphical interface, dbBrowser, was developed. For more demanding graphical exploration and interactive curation of the genome annotation, a standalone solution is less restrictive than a web interface. For this purpose, the already widely used Apollo Genome Browser developed by the Berkeley Drosophila Genome Project and Ensembl was adopted (18) .
Keyword queries across user-selected ®elds in multiple databases are available via the query interface of BioRS. BioRS also allows for downloading batch results such as FASTA sequence ®les or annotation data in XML format.
ACCESSING MAtDB VIA WEB SERVICES: TOWARDS INTEGRATION OF DISTRIBUTED BIOLOGICAL DATA SOURCES
Genome-related data sources become increasingly complex and heterogeneous. Thus, the interpretation of the data by interactive browsing becomes limited and interfaces to allow for computational access become a necessity. Solutions for interoperability between databases are needed (2). This problem is approached by the PlaNet project of European plant databases (http://www.eu-plant-genome.net). It will interconnect the partner databases and allow centralized access while the data remain distributed. Database interoperability eliminates the need to locally warehouse all data. Thereby, the most current data are always at hand.
The BioMOBY project [http://www.biomoby.org (19) ] was designed to require minimum standardization, retaining¯exi-bility, while achieving a maximum of integration. To overcome restrictions of heterogeneous data models and formats, BioMOBY offers a technology that is based on a central registry of available services. These are implemented as web services that retrieve or operate on data. BioMOBY de®nes data objects in XML, which are kept lightweight to reduce the effort required for standardization. The central registry acts as a broker, removing the need for clients to know the data sources.
A ®rst step towards interoperability was achieved by the implementation of BioMOBY web services operating on MAtDB data. The services currently implemented retrieve an AGI locus code, an Arabidopsis protein sequence or an EMBL entry by a given keyword or AGI locus code. Nevertheless the power of such a service is by no means restricted to the retrieval of such a particular piece of information. Applications may be pipelined, i.e. the output of one application or data resource can serve as the input of another service. In this way it is possible to generate work¯ows: e.g. a keyword can be used to retrieve a list of AGI locus codes annotated with`disease resistance', which can then be used to retrieve NASC codes from the BioMOBY service implemented by the Nottingham Arabidopsis Stock Center (NASC, http://www.arabidopsis.info), leading on to the corresponding phenotypes through another service from the NASC.
FUTURE DIRECTIONS
The concept and content described here have established MAtDB as a valuable resource for biologists and bioinformaticians worldwide. The focus of MAtDB development will be towards providing biological organization of genome-related data. The main requirements are continuous data collection, timely integration of new data and analysis methods, and interoperability with distributed resources.
Our database integration efforts include both local and global plant databases. For global interoperability, access to MAtDB data and functionality through BioMOBY-compliant services will be provided within the PlaNet project. Locally, we are developing MAtDB technologically and integrating it with the other databases at MIPS in cooperation with the Genome Research Environment project (GENRE, http:// mips.gsf.de/projects/gams). We will not restrict development to the Arabidopsis-only view but aim for a comprehensive and integrated view of available plant genomes. To facilitate this, the MIPS Oryza sativa database [MOsDB (20) ] and the only recently emerging maize database share a common database design, application logic and presentation with MAtDB.
We will explore methods to transfer the richness and depth of data available for Arabidopsis to other plant genomes. In this view, MAtDB intends to be a fundamental data source within a platform for comparative genomics.
DATA DOWNLOAD AND STABLE LINKS
Complete sets of Arabidopsis sequences and annotation can be downloaded from ftp://ftpmips.gsf.de/cress. This includes lists of EST matches or functional classi®cation, based partially on automatic, similarity-based assignments. Specialized dumps can be generated and downloaded using BioRS (http://biors.gsf.de:8111/searchtool/searchtool.cgi). If you wish to link to the gene reports from your own site, please only use the URL http://mips.gsf.de/cgi-bin/proj/thal/ search_gene?code=At1g10000 with an AGI locus code.
